The small size of the present lighting control market (estimated to be less than $100 million) is due to the prevailing lighting design philosophy. Nearly all existing commercial and industrial buildings have installed lighting systems based upon minimizing initial costs. Operating cost were ignored (although they generally exceed initial costs) due to the traditionally low cost of electrical energy. Furthermore, those who constructed a building were generally not the eventual owners; the builders did not consider effective energy management an asset that would add to the value of the building. Thus, lighting controls in a building consisted of a few manual switches that were centrally located on each floor and that operated large banks of lamps.
The present lighting control industry is a specialty industry that meets the demands of spaces that require dimmable lights (e.g., theaters, hotels, conference rooms, and ballrooms) or that represent an added luxury (e.g., executive offices and boardrooms). Many of the control systems are designed for incandescent lamps, which are simple to control but are inefficient light sources. Some control systems are available that can switch and dim gas-discharge lamps, but at a cost of about $2 to $4 per square foot, or about $100 to $200 per fixture.
The soaring cost of electrical energy since 1970 has begun to impact the philosophy of lighting design. The lighting industry is introducing more efficient lighting components and systems, which· cost more initially but have a lower total cost (operating plus initial). That is, we find that end users are basing their purchasing decisions on the payback period, the return of investment (ROI), or the life-cycle cost. The continued use of these decision techniques should create a demand for cost-effective lighting management systems.
When such a demand emerges, industry will move to satisfy it.
The market for this energy-conserving lighting product is unique because it does not represent a replacement product but a virgin market that provides a growth opportunity for the lighting industry.
The Department of Energy (DOE) has an interest in supporting the development of this new industry.
Its gro\"th can impact the nation's annual consumption of energy used for lighting (~450 BkWh), while still providing the illumination to maintain our productivity.
This will reduce future requirements for-electrical generating capacity, providing capital for other needs. To this end, DOE supported two major demonstrations of lighting control systems, one at the Pacific Gas and Electric office building in San Francisco and at another the Port Authority of New York and New Jersey's World Trade Center in New York City. The systems were installed on one entire floor at each site to demonstrate and measure the energy savings from various types of control strategies and techniques. Honeywell, Inc., and the General Electric Company were subcontracted to supply the control hardware. In addition to supplying the controls, each subcontractor submitted reports examining the industrial and commercial lighting market. The information presented in this report represents, in part, a review of their contributions as well as information gathered and analyzed by LBL staff.
The report consists of five sections. The first section contains general information about the building industry and lighting. It discusses the major buying influences, lighting use patterns, and barriers to introducing control systems into the marketplace. The second section descri.bes advanced control strategies and techniques and estimates the energy savings they can provide. Based upon these energy savings, a range of target costs for control systems are determined assuming different decision criteria. The third section presents data on the existing floorspace in the commercial and industrial (C&I) sector. Future floorspace is estimated using two growth models. Considering the growth of floorspace and assuming a cost-effective price for control systems, the potential lighting control market is determined. The fourth section analyzes the impact of control systems upon the lighting industry, utilities, and national energy consumption. The final section summarizes the report. The frequency of use has been determined from sales data. Values for power density are calculated in the relation below, assuming 0.50 to be an average coefficient of utilization (CU) for the fixtures:
---..1.ight--1~Y~l.-llift~l __ CU x Source Efficacy (l/W) Power Density (W/ft2) (2.1)
The light level in lumens per square foot is equivalent to footcandles. The final column, energy density, is a metric of particular interest for control systems because it considers the time of use as well as the power density of a lighting system. A survey of building owners, contractors, and spokesmen for utilities and trade organizations in 10 major U.S. cities provided the following general lighting patterns for commercial buildings. 1 i.
Lighting is 30% to 50% of the electrical load in typical commercial buildings.
ii.
In 1974 the average connected load of lamps in commercial buildings was 2.85 watts/ft 2 •
iii. Most U. S. commercial buildings have light levels between 100 and 150 footcandles, although newer buildings and energyefficient older buildings typically have 75 to 100 footcandIes.
iv. Nearly all the lighting for commercial applications is fluorescent, with the 2 ft. x 4 ft. fixture dominating.
v.
More than half of all fluorescent lighting is operated at 277 volts; the trend is toward 277 volts. The other major input current is 120 volts.
vi.
There are about 1.75 x 10 9 fluorescent ballasts in place in the commercial sector.
In 1979, about 67 million new ballasts were shipped.
vii. The cost of labor to replace an existing ballast is between $6.30 and $9.52.
viii. Most wiring for lighting has been installed in large-block, minimum-wire-run patterns without regard to light-level zoning. In some newer buildings and progressive states, lighting wiring now includes switches for local light control.
ix. Group relamping is not commonly practiced.
x. Nearly all U.S. utilities charge their commercial customers a demand and consumption rate.
xi.
It is estimated that in the next decade, commercial electric utility rates will increase 10% faster than inflation. The estimates of average lighting levels and source efficiencies have been obtained in the same manner as for Table 2 .1.
Industrial Buildings

Control Hardware
In this report we will be concerned only wi th control systems for gas-discharge lamps because they are the predominate light source in the commercial and industrial sectors.
Present
Several types of systems are employed to switch and control low-pressure gas-discharge lamps. One type consists of a microprocessor with hardwired transmitter-receivers to control relays that turn groups of lamps on and off. The designer determines the floor area each relay will control; the microprocessor is programmed to accept commands at a prescribed time schedule from a photocell that senses ambient light levels, or from personnel who may desire to override the standard lighting pattern.
Standard core-coil ballasts can be used with this system.
Another method of controlling lights employs special dimming core-coil ballasts and a power-supply control unit (a phase control that limits the duty cycle), which can dim fluorescent lamps continuously through a wide range of light levels. A computer is used which can be programmed to alter light levels according to a predetermined schedule as well as from signals provided by photocells that sense prevailing light levels. The relatively high cost of the pmqer-control unit requires that each unit control a large bank of lamps.
A system is also being marketed that dims fluorescent lamps by varying the input voltage to the lighting system. This system requires an external means to provide a time-of-day schedule. This voltage-control system is most economical when large banks of lamps are controlled from one unit. The range of control is limited with this type of system because ballasts are specified to operate reliably about ±10% voltage about the center design voltage, and the light output of a lamp does not respond linearly to voltage changes.
Special elements are available for controlling light levels for one or two fixtures. These modular control elements are placed in the circuit at the fixture and use fiber optics to conduct the ambient light to a sensor.
When a specified light level is exceeded, the electrical lights will dim to maintain a constant illumination.
These systems are not designed to control large banks of lamps and are limited to the above control strategy.
Occupant sensors that are now on the market will automatically turn lamps on or off in response to a space being occupied or unoccupied.
Near Future
An important new element in the design of future automatic control systems is the introduction of solid-state ballasts. These ballasts, which operate fluorescent lamps at high frequency, improve system efficacy by 25%.2 A feature of these systems is their ability to dim lamps by using low-voltage signals. Most of the systems described in the previous section dim lamps by switching the input power, a method that requires expensive auxiliary power equipment. With solid-state ballasts, many lamps can be made to respond to command from a centralized system or independently from a localized control (photocell). The advantage of using these new ballasts is that they also permit control of the illumination from individual fixtures.
Powerline carrier technology is being developed which can also be applied to lighting control systems. This will permit control signals to be sent over existing pm07er lines to provide many more degrees of freedom without additional control wiring.
Buying Influences in the Construction Market
New Construction
When a new building is being designed and built, a potential buyer/owner can turn to several sources for information and recommendations. Figure 2 .1 shows the participants who influence the decision-making process and illustrates their relationship to the owner. Fast turn-around developers, while not in the majority today, are rarely concerned with the building's operating costs; consequently, lighting control hardware will find few buyers in this group. Most owners who are also building occupants or managers are becoming aware of rising operating costs and are increasingly receptive to economical methods for reducing these costs.
b. Architects. The architect acts as the owner's agent and is responsible for the overall building design. An architect is not always involved in new construction projects, but is usually a major participant in larger projects.
The architect does not become involved in the specific details of the lighting design, which are left for the electrical consultant. However, the architec t, as principal consultant to the owner, determines the budget allotted to each portion of the building: mechanical,· heating, structural, finishing, lighting, etc.
c. Consultants. ·Consultants may be associated with an architectural engineering (A/E) firm different from that of the architect. Consultants produce design specifications for the building systems--electrical, mechanical, or structural--based the on design parameters provided by the owner via the architect. The specifications produced by a consultant are either functional or generic in form and are designed around known products.
Lighting is the domain of the electrical consultant or a specialized lighting consultant.
Consultants who have built their reputations on being innovators are most receptive to energyefficient lighting products, including controls. They must be cautious because innovation involves risk: consultants are subject to suit for losses resulting from their recommendations. Innovative lighting designers have to sell their ideas to the architect and owner.
d. Contractors.
A general contractor is responsible for the total project and subcontracts tasks to many specialized contractors; e.g., the electrical package is subcontracted to one or more electrical contractors. It is to the electrical subcontractor's benefit to use the lmvest-cost product that meets the specifications in order to increase his profit margin. The subcontractor prices the products used for a job. The subcontractor's knowledge of the performance of a particular product determines which product is used. The subcontractor has the greatest influence on products that are added by the owner or consultant after the job is given to the contractor.
Retrofit Market
In retrofit installations the roles of the architects and electrical consultants are supplanted by an energy or facilities manager. These individuals are not specialists and lack the expertise to perform a completely effective job of application engineering. Therefore, in ret rofi t applications, there is greater need for the electrical subcontractor or manufacturer to provide engineering services. Manufacturers with large service organizations supply this need; they sell the engineering as well as the hardware in what is called a "turn-key" job.
Summary of Influences
For lighting controls to effect a major penetration of the market, marketing efforts should be directed primarily at the individual with the greatest influence--Le., the building owner, who controls project funding. Although the "top-down" marketing effort should be effective, such an effort will be expensive because building owners are a diverse group. The problem is similar for controls manufacturers attempting to reach building tenants for retrofit orders.
Until a mature market for controls is developed, we would not expect most consultants to actively promote lighting controls. Consultants are concerned primarily with the design stage of a building and less with the long-range considerations of operating costs. Consequently, there is relatively little financial incentive for consultants to promote the use of energy-conserving lighting controls.
Also, some consultants are becoming increasingly overwhelmed with the complexities of modern building systems; lighting controls represent an additional building component with attendant questions of specification, engineering, and insta~la tion. Consultants will be more receptive to using lighting controls if they are easy to install and if manufacturers assure the consultants that they involve no risk.
Market Survey
A limited survey of 50 building owners and tenants was conducted to assess the marketability of lighting control systems, payback criteria, and influences on product selection.
All regions of the country--Northeast, Midwest, South, and West--were represented. More than 50% of the respondents, however, were concentrated in the Northeast.
No attempt was made to break down the data regionally. A summary of the results appears in Table 2 
Barriers to Market Penetration
, The previous sections were presented to provide the reader with a basic understanding of the lighting market and a concept of the complexity of purchasing and marketing a new lighting product: no single person or department is solely responsible for their purchase.
One of the major barriers to the adaptation of centralized lighting control systems is that reduced operating costs are not considered an asset and do not add to abuilding's value.
Thus, if the original builder/owner does not intend to operate the building, he will not incur initial costs in order to reduce operating costs. The same reluctance will prevail if an operating O~ler passes energy costs to tenants.
The mode of operation of a building is important.
If the tenant pays the utilities, there is little incentive for the building operator/owner to invest in energy-efficient practices.
If the operators/owners can cost-effectively reduce their operating costs while maintaining income, they will invest in energy-efficient products that can realize a good return.
The separation between the knowledge of lighting systems, the specification of the system, and the final selection is also a significant barrier. In regard to Table 2 .3, note that 50% of the owners are unaware of lighting controls and another 40% are just aware of them, yet the owner makes the decision about their use.
The consultant who is knowledgeable about these new products specifies the system but does not select the equipment. This lack of overall responsibility means that all participants hesitate to recommend new concepts.
The owner is 'reluctant to spend extra funds on items he does not understand; the consultant's judgement is questioned if he specifies a technique and then the contractor purchases an inadequate system. This division of decision-making and split responsibility tends to support the use of traditionally accepted techniques.
The general purchasing criteria for a payback of two years or less (see Table 2 .3) is a stringent requirement for a new large-cost product at its initial stage of introduction. (A payback of two years or less is equivalent to a 50% or greater return on a capital investment). Because a lighting control system will have a life of 20 to 30 years, a life-cycle cost analysis would be a more realistic method for assessing its cost-effectiveness.
The lack of t'edera1 and/or state energy-saving tax incentives is another barrier to the use of these systems. In determining the decision criteria (payback period, return on investment, life-cycle costing), any gains (profits) that are realized will be taxed at a rate of 50%. This lowers the net return on investment.
Many federal and state lighting codes currently in force give no credit for the use of lighting management systems. The connected load (watts per square foot) is used as the standard that a lighting system must meet. This is satisfactory for static lighting systems. The dynamic lighting capability offered by control systems may require a higher connected load to be optimally effective. However, by virtue of the dynamic control, less energy will be used, and the computer can be programmed to limit the load in use at any time to meet government regulation. Thus, regulations that are based on connected load without providing for the use of control systems are another barrier to these products.
TARGET COSTS FOR CONTROL SYSTEMS
Control Strategies and Their Energy Savings
To estimate the energy savings of a lighting control system, we will consider the four control strategies listed in Table 3 .1. The table also includes the type of control required and the response time of each system. For example, in order to use tuning, which provides a semipermanent lighting pattern that can be changed occasionally when the visual task or room arrangement is altered, the system must have modular control (local independent control of one or a few fixtures). Load-shedding is one strategy not considered in this report because it does not reduce energy use. However, it will reduce high demand charges and offers an additional monetary savings.
Scheduling
A control system can provide the necessary patterns of lighting in time to respond to the scheduled activities of the space. A typical office schedule might be: lights on at 7:00 am; dim lamps for lunch from 12:00 pm to 1:00 pm; turn off lamps at 8:00 pm (leaving some stumble lighting); and in the evening provide onethird light levels for the cleaning crew. On weekends and holidays the lights are off all day. These systems must provide a suitable override for unscheduled activities.
Most workers (about 83%) work from 8:00 am to 5:00 pm. 3 Their lighting needs can be supplied from 7: 30 am to 5: 30 pm, 10 hours per day. Neglecting holidays, this amounts to 2600 hours annually, (10 hours per day, 5 days a week, 52 weeks per year). The lighting use patterns described in Section 2.1 showed that the average annual operating time in offices was 3500 hours. Scheduling could save 26% of that lighting. This is a conservative estimate of the energy savings because our experience in monitoring lighting demonstrations involving manual lighting controls documents that many nights the lights are accidentally left on all night. Thus actual usage exceeds 3500 hours annually.
Lumen Depreciation
Lighting systems are designed to maintain a particular level of illumination. Because of lumen depreciation, lighting systems must initially provide illumination in excess of the specified level. These recoverable light-loss factors include lamp lumen depreciation (the decreases in light output of lamps with operating time) and dirt lumen depreciation (the accumulation of dust on walls in fixtures, which decreases transmission and reflection of light from the source). They are designated recoverable light-loss factors because the initial illumination level can be recovered by washing the fixtures and walls and by re1amping.
A continuously dimmable lighting system can provide a constant illumination level. A control system linked to a photocell that senses the illumination level can dim the lamps to the design level.
As the lamps age and dirt accumulates, more power is applied to the lamps to maintain the required light level. When the lumen depreciation becomes too severe to compensate for, it is time to clean and relamp the area.
This technique provides an incentive to maintain the lighting system: aged lamps and dirt accumulation require more power (consume more energy) and cost more to operate than a newly 1amped, clean area.
Thus, scheduled maintenance will lower operating costs. A static, dedicated lighting system cannot compensate for these recoverable light-loss factors.
In a previous paper, an estimate was made of the initial light levels for a room with a 2.3 room/cavity ratio, using open, semidirect luminaires category 114 and a two-year maintenance period. 2 For a standard ballasted, dimmable lighting system the energy savings were determined to be 14%.
Tuning
After a lighting system is installed and the arrangement of the space is finalized, the lighting system can be "tuned" to the space if the light level from each fixture can be independently controlled.
For example, the lamps can be dimmed above aisles and less visually critical work spaces. In areas where critical visual tasks are done, light levels can be increased. Thus, the proper light can be provided throughout the space to maintain productivity and optimize energy use. The significance of this strategy is that when subsequent changes are made in floor arrangements, the illumination can be readily altered to accommodate them at virtually no cost.
Centralized control systems that operate large banks of lamps cannot employ tuning, so other means must be used to "tune" such a lighting system--de1amping, low-output lamps, etc. However, these limit the range one can dim and incur added cost for the additional inventory of lighting products that must be maintained.
So lidstate ballasts are available that permit each fixture's light level to be set over a wide range, enabling the optimum employment of this strategy.
It is difficult to estimate average energy savings. Thus, we have used the office layouts at the PG&E building and the World Trade Center to determine the amount of aisle space where the light level could be reduced by 50%. The aisle space in these demonstrations amounted to 24% of the total area; thus the average savings for an entire floor from tuning the lights above the aisles is estimated at 12% (50% x 24%). This is a conservative estimate because illumination levels can also be lowered in work spaces designed for less visually critical tasks (reception areas, etc.).
Day1ighting
In the perimeter area of a building, part of the requi red illumination can be supplied by natural daylight.
In order to exploit this illumination one must be able to dim the electrical lights in proportion to the amount of natural daylight available. A dimmable lighting control system can respond to daylight by using a photocell that senses light levels. The design objective for such a system is to maintain the prescribed light level at all times.
This day1ighting strategy can greatly reduce the energy consumption of an electrical lighting system. The energy savings that can be realized from daylighting in buildings depends upon many factors--c1imatic conditions, building form and design, and the activities within the building. Interest in the use of daylighting is just emerging, and there is little documented research in this field. The Civil Engineering Laboratory at Port Hueneme, California, has measured the energy reduction in a we11-day1it office in Los Angeles, reporting a 70% reduction in energy consumption. 5 Considering the climatic conditions of other selected cities, they estimate a range in savings from a low of 57% in Indianapolis to a high of 70% in Los Angeles. Based upon the above and projected savings by others,6,7 we will assume an average energy savings of 50% in those areas of a building that can employ daylighting.
Only a portion of a building can be day1it, however. Thirty percent of the floorspace for a building 100 feet square is sufficiently near to the perimeter to be day1it; thus the average energy savings from day1ighting for an entire building that can save 50% in the daylit area will be (50% x 30%), or 15%.
5 Summary of Energy Savings
The total energy savings for a control system that can use one or some combiTlation of the above strategies is listed in Table 3 .2. Table 3 .2 lists energy savings for each combination of strategies. Notice the total accumulated energy savings is not the arithmetic sum of t~e strategies.
We wish to emphasize that the energy savings listed in Table  3 .2 are based upon limited experimental data. For that reason we have attempted to use the most conservative values. The lack of sufficient data is precisely the reason we are carrying out the two switching and control demonstrations.
Decision Criteria
Traditionally, first costs have been used to determine whether to purchase a lighting component or system that meets design specifications. Standard procedures required purchasing agents to obtain at least three bids for a set of specifications. If the lowest bid was not accepted, a detailed justification was required.
Because of the increased cost of energy, today's criteria for purchase must include the operating cost of the equipment. Analytical methods are used to determine and compare the payback, return of investment (ROI), or life-cycle cost of different lighting products and techniques.
Each 0 f these methods considers initial cost, operating costs, and the cost of the investment. Life-cycle costing also includes the life and salvage value of the equipment. Industries base their decisions on the payback period, which is inversely proportional to the ROT. From our market survey (Table  2. 3), the acceptable payback time is two years, which is equivalent The use of paybacks and life-cycle costing are mandatory for purchasing decisions regarding retrofits. When one is replacing a functional lighting system with a system that will reduce operating costs, the only rationale for purchase is the reduced energy cost.
Target Costs for Lighting Systems
One objective of this paper is to estimate an "effective cost" (equipment plus installation) an end user could be expected to pay for a lighting control system. The analysis will be based upon the control strategies the system can provide (scheduling, lumen depreciation, tuning, daylighting), and the energy savings that will be realized from each strategy or combination of strategies. The target cost of the system will be described in dollars per square foot. We will employ a simple payback analysis using the following relationship:
The number of lighting control strategies that can be employed depends upon the complexity of the control system. We will determine the effective total cost (equipment plus installation) of systems having different degrees of capability. Using the data listed in tables 2.1 and 2.2 for annual energy consumption and in Table  3 .2 for percent energy savings, we will calculate the annual energy savings for an energy cost of $0.05 and of $0.10 per kWh. A decision criteria of a two-, three-, or four-year payback period will be used.
Scheduling
This is the simplest control system and could consist of a system as simple as a clock and relays to turn large segments of lamps off or on. Such a system could be installed in the electric closet so that there would be virtually no difference in cost between new construction or a retrofit. In an office using 9.1 kHh/ft 2 /yr annually, the annual savings would be:
Annual Savings ($/ft 2 ) Annual Energy Use (kWh/ft 2 /yr) x Percent Savings x Energy Cost ($/kWh), (3.2) which is $0.118/ft 2 at $O.Os/kWh. The acceptable total cost of a system for a three-year payback is $0.3s4/ft 2 .
Scheduling, Lumen Depreciation, and Daylighting
This control system is more complex than the first because equipment must respond both to a photocell that senses the ambient light level and to a time clock. For the conditions used above, the annual savings for the three strategies is $0.209/ft 2 • The total cost of this system for a three-year payback is $0.627/ft 2 • This type of control system is less costly in new construction than for retrofits because it entails considerable rewiring in the ceiling; new dimming ballasts or relays and photocells have to be installed in the workspace.
Scheduling, Lumen Depreciation, Daylighting, and Tuning
The addition of the tuning strategy introduces the capability of controlling each fixture. Each fixture can be controlled by using solid-state ballasts that permit light levels to be set by means of a potentiometer in the ballast. For the same general conditions as above, the annual savings is $0.232/ ft2.
Fo r a three-year payback period, the total cost is $0.696/ft 2 • Table 3 .3 summarizes the results for two-, three-, and four-year payback periods and for energy costs of $0.05 and $0.10 per kWh for four combinations of strategies.
As with the previous system, the payback period for new construction will be less than for a retrofit because the proper installation of this system will require considerable rewiring.
POTENTIAL CONTROLS MARKET
Building Market Structures
Commercial Building Stock
The total square footage of in-place commercial building stock is listed in Table 4 .1. The total area is broken down into the nine Office space, for more than major categories of the commercial sector. retail stores, and educational buildings account 50% of the total space.
The total commercial building space is plotted as a function of time in Fig. 4 ; show the annual additions to floor area of various commercial sec tors. as presented by one of our subcontractors in a preliminary report. 3 They projected the yearly additions between 1978 and 1983 (shaded area in the above four figures). These curves reflect only added stock and do not consider the yearly attrition due to fire and demolition. The construction of new office space (Fig. 4.3) has been roughly proportional to the growth in white-collar employment.
This sec tor of the labor force has increased relative to the total, from 15% to 51% in 1977, and is expected to surpass 53% by 1983.
The rapid growth of the office-space market from 1963 to 1975 is attributed to the
.. The most notable feature in the growth of educational buildings is the steady decline since 1965 (Fig. 4.4) . This decline is attributed to the declining enrollment in schools since 1965.
Two factors that have affected the nature and location of the demand for educational buildings are that: 1) the age structure has created a need for more colleges and fewer primary schools; and 2) population shifts have caused increased construction in the Sun Belt area of the United States. Without the prospect of a turn-around in enrollment before the mid-1980s, the educational building growth should be maintained at the present market level, llO-1l5 million square feet per year. 
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The need for stores and warehouses is related to the volume of retail sales. On a.year-to-year basis the demand is closely related to the volume of residential building. On the average, each one million square feet of new housing leads, within a year'" s time, to the construction of about 200,000 square feet of retail buildings. The data in .
The yearly addition to public buildings is related to the demand for public services, which grows roughly in line with population. The other feature of this curve (Fig. 4.6) is the occasional interruption. or acceleration of this trend by events that are unrelated to the need for government facilities. The total in-place commercial floor stock given in Table  4 .1 extends to 1975. We have extended this curve to 1978 by using gross construction data from the Statistical Abstracts of the United States. 9 With the aid of the subcontractors'" growth projections (Figs. 4.3 through 4.6 ),3 we have extrapolated the curve in Fig. 4.1 to 1983 . In order to employ the above data on yearly additions, we had to amend the values by considering a yearly stock removal rate of 1.1%. The above estimate of the growth rate between 1978 and 1983 is slightly less than the preceding five years, 680 x 10 6 per ft 2 per year versus 800 x 10 6 per ft 2 per year.
Long-Term Projections
In 1978 Oak Ridge National Laboratory (ORNL) has developed a model for predicting the growth of commercial stock. 10 This model estimates future commercial construction based on population data and per-capita income. The model predicts that the average growth rate of nothing in-place commercial buildingswill be 4.3% annually through the year 2000. Considering a stock removal rate of 1.1%, total annual additions will be 5.4%.
The authors estimated an average growth rate by extrapolating the data between 1975 and 1980 (2.3% annually) to the year 2000. Taking into account the 1.1% stock removal rate, yearly additions must grow at a rate of 3.4%.
The ORNL model was amended;10 Table 4 the building stock added since 1980 will be 30%-43%, 43-59%, and .54-72% of the total in-place stock, respectively. The annual additional f100rspace for those three years as projected to be between 1.33 and 2.53 billion square feet. The final ORNL growth model as amended in 1979 predict's a considerably smaller growth rate and is slightly greater than the simple projections used by the authors.
• Table 4 There are few available data on the growth potential for industrial buildings during the next 15 years.
However, because growth of building space in a given sector is at least roughly correlated with the number of employees in that sector, the potential for growth in industrial buildings is probably much less than that for commercial buildings. This conclusion is based on the fact that between 1948 and 1977 the number of workers employed in the manufacture of goods has only slowly increased, from 15.5 million workers in 1948 to 19.1 million in 1977.1 2 This amounts to an average annual increase of only 0.72% between 1948 and 1977.
If the trend in manufacturing employment which began in 1948 continues throughout the next 15 years, the net increase in industrial floorspace will average no more than 1% annually through 1995.
Based on this assumption, the in-place inventory of industrial buildings will be no more than 9.5 billion square feet by 1995. 
Estimated Harket
By combining the results of the target costs and the predicted new building stock, we can estimate a lighting controls market. The low estimate is based upon the use of a simple energy management system (scheduling strategy) with a target cost of $0.236/ ft2.
If the investments during the 14 years (bet,.,een 1986 and the year 2000) are in simple lighting management systems, the total market will be $5.2 billion. In the year 2000, 4.5 billion ft 2 will be added, and the annual market would be $1.1 billion.
To estimate an upper limit we assume that all new energy management systems will employ all four control strategies. At an energy cost of $O.lO/kWh, the target cost is $0.924/ft 2 • For the same new building stock (22 billion ft2), the total market from 1986 to the year 2000 will be $20 billion. In the year 2000 the annual market will be $4.2 billion (4.5 B ft 2 x $0.924/ft 2 ).
The range determined above, a total market between $5.2 and $20 billion and an annual market in the year 2000 of $1.1 to $4.2 billion, is based upon 100% penetration of control systems by the year 1986. While this may appear optimistic, the object of this report is to estimate the "potential" market and its subsequent impact. We believe that a market in the above range can be realized because we did not include the potential sale of controls in the retrofit market. For example, in 1990 there will be more than 25 billion square feet of "old" building stock that will be candidate for a lighting management system.
ENERGY UIPACT
In the previous sections, information was presented on energy management systems, control strategies, and their relative energy savings. From these data the total cost of a system was determined based upon an energy cost of $0.05 to $0.10 per kWh and a payback criteria of two, three, or four years. Based upon the growth of floorspace in the industrial and commercial sectors, a potential controls market was calculated. In this section the energy impact of the lighting controls will be assessed. Table 5 .1 shows the mix of floorspace in the year 2000 for buildings built after 1986. Current C&I floorspace is estimated to be 40 billion ft 2 and uses an average annual energy density of 5.8 kWh/ ft2.
Average building usage is 2500 hours a year, from which one obtains the average installed power density of 2.32 W/ft2.
Several of the energy-efficient lighting products on the market are based upon improvements made to old technologies. Energy-efficient core-coil ballasts and energy-saving fluorescent lamps are among them.
In addition, the Illuminating Engineering Society (IES) has reduced the recommended light levels for many visual tasks. 13 The above techniques save 9%, 6%, and 30% in lighting energy, respectively. The accumulated saving of all three is 40%. The incorporation of the above into new lighting systems will reduce a building's energy density and power density for lighting to 3.5 kWh/ft 2 and 1.4 W/ft 2 per square feet, respectively. (The above products have been cited because they are on the market today; more efficient lighting systems using new technologies will be available in the mid 1980s).
The projected energy usage in the C&I sectors in the year 2000 will be between 284 and 307 BkWh using either the extrapolated or the ORNL growth model, respectively (60.5 billion ft2 or 67.0 billion ft2). The above values are calculated using the lower energy density for new construction and 5.8 kWh for existing buildings.
Use of Energy Management Systems
Scheduling
If all buildings constructed after 1986 employed the scheduling control strategy, the energy consumed in the C&I sector would be reduced by 26% (see Table 3 .2). The average energy density and power density of the new buildings would become 2.6 kWh/ft 2 and 1.0 W/ft 2 , respectively. The total annual energy usage in the C&I sector would be between 258 BkWh and 275 BkWh. The annual savings, at $0.10 per kWh, would be between $2.6 billion and $3.2 billion. The above range is obtained by using the two building growth models.
The investment to install this control equipment in all buildings that are built after 1986, at $0.236/ft 2 (see Table  3 .3 for a two-year payback), is between $6.9 and $8.9 billion, for an annual investment of $0.5 to $0.6 billion.
All Strategies
If all buildings constructed after 1986 employed all four strategies--day1ighting, scheduling, tuning and lumen depreciation--the average reduction in energy would be 51% (see Table 3 .2). In the year 2000 the energy density of these new buildings would be 1.7 kWh/ft 2 (3.5 kWh x 0.49).
The average power density for a usage of 2500 hours is 0.7 W/ft2. The energy use of the new building stock would be 49 BkWh and 61 BkWh, for the extrapolated and ORNL models respectively. If these are added to the old stock, 31.3 billion ft 2 at 5.8 kWh/ft 2 (182 billion kWh), total energy consumption for C&I would be 231 billion kWh to 243 billion kWh. The net energy reduction from the no-control scenario is 53 to 64 billion kWh annually. The annual savings at $0.10/kWh is between $5.3 and $6.4 billion annually.
The necessary total investment for employing these systems at $0.928/ft 2 (see Table 3 .3) is $27.0 to $33.1 billion, or a capital investment of $1.9 to $2.4 billion annually.
Total Cost of Energy Hanagement System
The arguments presented in the previous sections have been based upon a 100% market penetration, which assumes the manufactured price can meet the end user's purchasing criteria. Because the controls market is expected to be elastic, the rate of total market penetration depends upon the manufacturers' ability to produce controls below the limiting criteria. To provide some evidence that the cost of the lighting management systems can be expected to be below the limiting cri teria (determined from the price of energy and a two-, three-, or four-year payback period), two examples of control installations will be described. The systems from which the prices were obtained are available today.
Scheduling System
One cost we wish to determine is the total cost of an energy management system based on the scheduling strategy. The characteristics of an example building are listed in Table  5 .2. A programmable control system is available which can send a prescribed schedule of lighting patterns to transceivers and operate relays that switch groups of lamps on and off. The example system consists of a microprocessor with a memory capacity for 500 transceivers. Each transceiver can control 32 relays operating at 20 A.
The installed control system will employ 30 relays and one transceiver per floor. The entire building (40 floors) will require 1200 relays and 40 transceivers. To function as the central control system (with memory), one programmable microprocessor will be required for the 40 transceivers. A control system for all strategies--scheduling, lumen depreciation, tuning, and daylighting--might consist of the above programmable control system with the addition of dimmable solid-state ballasts. Branches of lamps can be switched on or off according to a prescribed schedule; a photocell signals each ballast, varying the light output to maintain a constant illumination (lumen depreciation and daylighting strategies). The dimmable solid-state ballasts also have potentiometers (variable resistors) that can be used to manually adjust the light output of each lamp (tuning strategy). Thus, this energy management system consists of the central control system plus dimmable solid-state ballasts with photocells in the ceiling to monitor illumination levels. This example will employ four-lamp solid-state ballasts at $90 per ballasts. Each floor will require about 40 photocells.
The photocell control system requires 18-volt dc power supplies and an electrical isolator for each ballast.
There is also an additional $5 per fixture installation cost for wiring each ballast in a fixture· with the low-voltage wire from the photocell. There is no installation cost for the solid-state ballast because the cost of installing a solid-state ballast is the same as that for a core-coil ballast. That is, the solid-state ballasts will be installed at the factory by the fixture manufacturer.
We will assume that energy-efficient 2-lamp, 40-watt, core-coil ballasts made by a Certified Ballast Manufacturer (CBM) cost $10 each; thus the pre~ium cost for a four-lamp solid-state ballast is $70.
The total cost for this lighting management system is itemized in Table 5 .4. The payback is less than calculated because we have not included the intrinsic 15% energy reduction achieved by using the solid-state ballasts 2 (solid-state ballasts are 25% more ~fficient than standard coil-core ballasts and about 15% more efficient that the energy-efficient type). 
Summary of Use of Control Systems
This section provides arguments to show that the use of lighting management systems will reduce national electrical energy consumption. For an estimated increase in floorspace of 151% (from 40 to 60.5 billion square feet), the energy use will increase 123% (from 230 to 284 BkWh). The impact upon energy is greater than the above projection indicates because we have not included the impact that reducing the lighting load has upon the HVAC load of a building. The importance of adopting lighting management systems is evidenced by the resulting financial benefits (see sections 5.2.1 and 5.2.2). For an annual investment of $0.5 to $1.9 billion in equipment, an annual energy saving of $2.6 to $3.3 billion would be realized in the year 2000. The $0.5 to $1.9 billion of investments represents real growth in the lighting industry (unit products, money, and jobs). The net savings in energy costs, minus equipment costs, is between $2.1 and $3.4 billion, representing capital that is available for investment in further industrial growth.
Forecasting market penetration is a complex task. To provide confidence that lighting management systems will be employed in newly constructed buildings, we have determined the total cost of a control system for a large office building (Section 5.2.3). Based upon the target cost of control equipment that will be a sound investment (Table 3. 2) and a two-to four-year payback, we have shown that equipment available today can provide the scheduling strategy at a cost of $0.193/ft 2 • This is well below the acceptable decision criteria of $0.236/ft 2 based upon a cost of energy of $0.05/kWh and a two-year payback period. The more sophisticated system, which employs all four control strategies, presently is limited to buildings in regions in which energy cost is near $0.10/kWh and to end users who are willing to base investments on three-year paybacks.
Thus, there are energy management systems available today that could meet a payback criteria considered acceptable by some segment of the market at energy prices of $0.05 to $0.10 per kWh. By 1986 the costs of lighting products will be less (especially the solid-state ballast, which now accounts for the primary cost of the sophisticated system). In addition, the cost of electrical energy is expected to increase faster than the inflation rate. These factors will make these capital investments more attractive than estimated in this study, and is evidence that we can reasonably expect a near 100% penetration of controls in new buildings.
Utilities
In 1980 the connected load for li~hting in the C&I sector was 93 billion kWh (2.32 W/ft 2 x 40 B ft). Table 5 .5 shows that if no controls are used in new construction, the connected load for lighting in the C&I sector will increase by 30 gigawatts (30 billion watts).
If no controls are used, utilities will have to increase their present capacity of 700 gigawatts by 4.3%.
A generating plant costs about $3/W to build. Thus utilities will have to expend about $61.5 to $89.4 billion by the year 2000 to provide this new capacity, or an average annual investment (from 1986) of $4.4 to $6.3 billion. If only the simple control system is employed, 8.9 to 15.5 more gigawatts will be required at $26.7 to $46.5 billion, for an average annual investment of $1.9 to $3.3 billion. If the sophisticated control system is used, 0.4 to 4.8 gigawatts (at $1.2 to $14.4 billion) will be required, for an average annual investment of $0.09 to $1.03 billion. Thus the use of lighting control systems could save utilities approximately $4 to $5 billion annually in the year 2000. This is $4 to $5 billion utilities would otherwise have to spend building generating capacity. 6 .0 SUMMARY Information on various aspects of lighting management systems has been presented to elucidate the energy savings of various control techniques, the barriers that inhibit their introduction, potential impacts on utilities, and the effect on our national energy consumption.
Summary of Impacts
The major barriers that inhibit the use of advanced control systems are the nature of the construction industry, the split responsibility of the recommendation and the purchase of control systems, and the fact that low operating costs are not considered an asset that contributes to a building's value.
A credible data base is being compiled to substantiate the energy savings that can be realized by the use of one or more control strategies. Based upon a conservative estimate of some early measurements, the cumulative energy savings are between 30% and 50%. Using this estimate, typical energy costs ($0.05 to $0.10 per kWh), and standard acceptable payback periods (two to four years), we have determined the target cost for an energy management system ($0.236 to $1.848/ft 2 ) that should significantly penetrate the marketplace.
Two examples are presented for the cost of installing a lighting management system in a large building; one system employs a single control strategy, while the second system employs all four major strategies.
The cost of the systems is $0.193/ft 2 and $1.339/£t2, respectively. Even at today's costs these are both cost-effective conservation strategies.
Finally, the investment of capital in the development of lighting management systems can lead to a $1.1 to $4.2 billion annual market by 2000 and will increase employment in the lighting industry. It will reduce the need for utilities to make large capital investments that have unattractive returns on investment (8.3% to 10.3%) compared to the ROI realized by the end user. The savings for both the utilities and end users represent capital that can be invested in other sectors of our economy. . , " 
